A passive fathometer can be formed by two vertically separated hydrophones. The depth can be estimated from the Green's function between the hydrophones, which is calculated from the cross-correlation between ocean ambient noise fields received at those two hydrophones. The performance of the fathometer depends on the signal to noise ratio (SNR) and the resolution of the noise cross-correlation function. In a given environment, improved SNR and resolution of the cross-correlation function can be achieved through longer observations, more observation points, or increasing bandwidth. Long time averaging has been demonstrated, but requires that the channel be stationary over the averaging time. Hydrophone arrays are commonly used, but result in increased cost and complexity. Recent work shows that the SNR and resolution of the correlation function can also be improved by the use of the large bandwidth noise fields. This paper shows that the non-surface biological noise generated by marine animals, such as shrimp, is one of the major issues in the performance of such a broadband passive fathometer operating in shallow water. This noise tends to occur at higher frequencies. Frequencies at which significant non-surface biological noise is present cannot be used to improve fathometer performance. Consequently, the upper limit of frequencies that can be used in a passive fathometer is limited by the lower limit of the bandwidth occupied by the biological noise.
Introduction
The cross-correlation of wind generated surface noises between two or more hydrophones gives the estimation of the bottom profile of the ocean [1] [2] [3] [4] . In the literature, the estimation of bottom profile using ocean ambient noise is called "passive fathometer" [2, 4, 5] . The estimate in the passive fathometer is based on the extraction of the Green's Function (GF) from the ambient Noise Crosscorrelation Function (NCF) [2] . The GF between two points can be extracted from the derivative of the crosscorrelation between the Ocean Ambient Noise (OAN) received at those two points [6] [7] [8] . The better the estimate of the GF, the better the estimate in the passive fathometer. Two figures of merit for the estimates of the GF are the SNR and the resolution of the Cross-Correlation Function (CCF) [7, [9] [10] [11] .
One of the requirements for the improvement of the SNR and resolution of the CCF is that a large amount of OAN is needed [7, 10, 12] . There are a number of ways of collecting a large amount of OAN. It is shown that large averaging of the NCF is needed for the better estimation of the GF if the noise is recorded at two hydrophones [8, 10, [12] [13] [14] [15] [16] . But this takes long recording time. Another way of collecting large amounts of data is to use an array of hydrophones. In array processing, signals from different pairs of hydrophone are averaged together to improve the SNR of the correlation function [1, 2, 9] . The number of elements of the array can be increased to increase the SNR of the correlation function [2, 5, 10] , but the array becomes physically larger. The increase in the number of elements does not increase the resolution of the correlation because the resolution is dependent on the bandwidth of the noise field [6] .
However, array processing has been thought to be limited by the usable bandwidth of the noise field. That is, due to spatial aliasing the bandwidth cannot be larger than the design frequency of the array [2] , even though the SNR and resolution can be improved by the increase of the bandwidth [9] [10] [11] 17] . Some recent works show that the bandwidth can be increased by up to twice the design frequency without affecting the performance as a conesquence of spatial aliasing [5] .
In this paper, it is demonstrated experimentally that, the usable bandwidth in the passive fathometer at shallow water is limited by the biological activities present in the ocean. This is because, dominant biological sounds are observed at shallow waters all around the world [18] . Experimental results show that due to the dominance of the strong shrimp sounds in the higher frequency band of the noise field, the upper band of the ocean ambient noise is not useful in the passive fathometer. However, the lower band of the OAN still satisfies the theoretical relationship between the performance of the passive fathometer and the bandwidth.
The rest of the article is organised as follows. Section 2 shows the theoretical demonstration of bottom profiling using cross-correlation of OAN. Section 3 demonstrates the experimental analysis of the broadband passive fathometer and the effect of biological activities in the ocean on it. Finally, Section 4 states the conclusion of the paper.
Theoretical Analysis

Cross-Correlation of Band-Limited Ocean Ambient Noise Fields
At frequencies of more than several hundred hertz and less than 20 kHz, most of the non-biological ambient noise in the ocean is generated at the ocean surface [19] [20] [21] [22] [23] . The main sources of the surface noise are the breaking waves and wind action on the surface of the ocean. Noise generated in the surface can be approximated as a sheet of noises just below the surface at a depth z′ [2] . It is also assumed that the noise creation rate and noise distribution is uniform. We consider a situation in which noise is recorded at two vertically separated hydrophones where hydrophones S 1 and S 2 are positioned at  1 1 and  2 2 in a cylindrical coordinate system. Since the hydrophones are vertically spaced, 1 2 . The noise fields received at the hydrophones consist of direct signals and reflected signals from the seabed and surface. In the mathematical derivation, only the direct signals and first bottom reflected signals are considered to contribute in the noise fields because just the first bottom reflection is sufficient to describe the passive fathometer using cross-correlation. The geometry of the noise distribution and its bottom reflection image is shown in Figure 1 [2] . Figure 1 shows that a sheet noise is generated at z′ depth below the surface and a bottom image is generated at 2D − z′ depth from the surface where D is the depth of the seabed. The noise coming from all around the surface contributes to the noise fields received at two hydrophones S 1 and S 2 . Now, the time domain cross-correlation function between the noise fields of bandwidth B received at S 1 and S 2 is expressed as [2, 17] .
The four sinc functions in Equation (1) represent four peaks generated due to the cross-correlation of coherent signals. The first sinc function represents the cross-correlation between the direct signals, the second and third sinc functions represent the cross-correlation between direct and reflected signals and the fourth sinc function represents the cross-correlation between the reflected signals. The amplitude and resolution of the sinc functions are dependent on the bandwidth of the recorded noise fields.
Depth Estimation from the Cross-Correlation
The depth of the seabed can be calculated from the delay difference between the direct and the bottom reflected paths received at two vertically separated hydrophones if the speed of sound is known [2, 17] . This delay difference dr  can be estimated from the positions of the second and third correlation peaks in the cross-correlation shown in Equation (1). Now, the depth of the sea-bed D is given by
where dr d  can be measured from the NCF as
Copyright © 2013 SciRes. OJA experimental setup. One of the main requirements of the correct depth estimation using two hydrophones is that the wind generated surface noises coming from the endfire region in the ocean surface need to be dominant in the ambient noise field. To achieve this requirement long averaging of the ambient noise is needed because of the randomness of surface noise both in time and space. An alternative means of overcoming the long averaging time is to use a linear array of hydrophones. The strong noises re region.
of the CCF is defined as the ratio of the power of the correlation between coherent signals and that of uncorrelated signals. The relationship between the SNR of the cross-correlation and the bandwidth of the participating ocean ambient noise fields is [17] coming from directions other than the end-fire can be suppressed by steering the array towards the surface endfi
Relationship between SNR, Resolution and Bandwidth
Performance of the depth estimation of the ocean depends on how accurately the position of the correlation peak can be measured. The accuracy of the peak position in turns depends on the SNR and resolution of the correlation function. This is because the strength of the peak becomes stronger and the width of the peak becomes narrower with the increase of SNR and resolution of correlation function respectively.
From Equation (3), we can say that the SNR o cross-correlation of the noise signals recorded at two hydrophones is directly proportional to the bandwidth of the recorded signals.
The resolution of the CCF can be defined as the full width of the main lobe of the correlation peak [6] . A decrease in the peak width means an improvement in the [6, 17] lar frequency is unde phones is used to make use of beamform fo ai frequency components of the broadband data. 
Equation (4) shows that the resolution of the correlation improves with the increase of bandwidth.
Bandwidth Aliasing and Spatial
Spatial aliasing is a phenomenon of signal reception that occurs when a signal of a particu r-sampled in space by a set of receivers [24] . Spatial aliasing takes place when the spacing between the receivers is greater than half of the wavelength of the signal.
In a passive fathometer, an array of hydro ing to improve the perrmance. Therefore, in the broadband passive fathommeter, the effect of spatial aliasing needs careful consideration. This is because the aliased frequency components greater than the design frequency of the array also take part in the broadband passive fathometer. Although the direction finding of the narrowband signal is affected by spatial aliasing, in the broadband passive fathometer it should not be a problem. This is because in the vertical beamforming, the m n lobes at zero degree angle fall on each other and the side lobes fall at different angles for different g output for the broadnd data (1 -30 kHz) in the broadband passive fathometer.
In Figure 2 , the strong main lobe at the angle of ze degree is observed compared to the wea Therefore, we can say that the fathometer works i of the separation not satisfying spatial aliasing. The preliminary results of active fathometry by transmitting broadband linear chirp also show close agreement with the statement. scribed in Section 2 and to demonstrate the effect of biological noise on the bottom profiling by recording broadband ocean acoustic ambient noise fields at vertical hydrophones. The experiment has been conducted at Jervis Bay, NSW, Australia on 13th of October 2011. An array of 4 hydrophones is used to record the broadband OAN. The experiment is conducted at different depths and different types of seabed such as sandy and rocky. In this article, analysis has been performed for the rocky bottom and about 15 meter depth of the sea bed to find out the effects of strong biological noise on passive fathometer, because the sound produced by the shrimps is dominant at shallow and rocky bottom areas.
Experimental Setup
a voltage preamplifier with 50 dB gain is before recording. The ent is RESON VP2000.
A 4-hydrophone array is deployed underwater where the bottom hydrophone is at a depth of about 5.7 m from surface and the spacing between consecutive hydrophones is 50 cm. Bruel and Kjaer 8104 hydrophones are used in the array. The array is hung from a float in the surface using a 2.5 m long rope. Since the strength of OAN is low, used to amplify the ocean noise preamplifier used in this experim Each 50 s data slot is recorded at a sampling rate of 192 ksps. The data acquisition device UA101 is used to capture the OAN. The UA101 has 10 input channels where four of them are used to record four channels of data simultaneously. The experimental setup is shown in Figure and surface reflected signals. The Power Spectral Density (PSD) of the noise fields recorded at S 1 hydrophone is shown in Figure 4 . The PSD of the OAN and the internal noise of the system are shown by blue and red lines respectively in Figure 4 . The PSD of the internal noise of the measurement system is almost flat having an absolute level of about −154 dBW/Hz. Figure 4 shows that the PSD of the OAN is not flat. At lower frequencies the power level of the recorded noise field is stronger than the higher frequencies. Therefore, the SNR of the noise field decreases with the increase of the bandwidth. In general, the PSD of the OAN falls at a rate of about 5 dB/octave towards higher frequencies which is in a good agreement with the OAN described in the literature [22, 25, 26 ]. An equalisation filter needs to be applied to the OAN to make the PSD of OAN flat before fathometer processing. The shipping and traffic noises are also expected to contribute at the strong low frequency (200 -500 Hz) signals of the ambient noise. In passive fathometer processing, a high pass filter with cut-off frequency of 1 kHz is applied to the recorded noise fields to get rid of the strongest low frequency shipping noises. The surface noise field is expected to dominate over the frequency range from as low as 10 Hz to ab 2, 23] . Thereout 20 kHz in the OAN [20, 2 fore, a low pass filter with cut-off frequency of 20 kHz is
3.
also applied to the noise field to take the full band of the wind generated surface noise.
Cross-Correlation between Ocean Ambient
Noise Fields The cross-correlation of the ambient noise fields recorded at two vertically separated hydrophones is the basis of the passive fathometry applications. The crosscorrelation of the equalised and filtered (1 -20 kHz) ambient noise fields received at S 1 and S 2 hydrophones is shown in Figure 5 .
Since the depth at the experimental location is about 15 m measured by an active sonar and the two hydrophones S 1 and S 2 are about 4.2 and 4.7 m below the surface, the delay difference between the direct path at one hydrophone and the reflected path at other hydrophone is 14.07 ms according to the experimental setup of Figure 3 . Hence correlation peaks are expected at 14.07 ms away in both sides of the correlation centre. In Figure 5 , there are small correlation peaks at about 14.07 ms representing the depth of the ocean. But still the dominant peaks are generated at about 2.3, 9.36 and 11.9 ms away from the correlation centre, which have no relation with the estimation of the depth according to the experimental setup. Therefore, the small peaks representing the depth of the ocean cannot be distinguished from the other strong correlation peaks. These strong correlation peaks might be generated because of one of the following reasons:
1) A strong surface generated noise coming from the directions other than end-fire region.
2) Biological noise coming from all around the hydro N is recorded using an array of four ydrophones, comparing the cross-correlations of each pair of hydrophones, the direction from which the signals come can be determined. The cross-correlations between hydrophone pairs S 1 and S 2 , S 2 and S 3 , and S 3 and S 4 are shown in Figure 6 .
The cross-correlation between S 1 and S 2 shown in Figure 6 (a) generates a strong correlation peak at about 2.29 ms away from the correlation centre. In the crosscorrelation between S 2 and S 3 shown in Figure 6 (b), this strong correlation peak moves away from the correlation centre and in the cross-correlation between S 3 and S 4 as shown in Figure 6 (c), the same peak moves further away. Therefore, it can be said that since S 1 and S 4 are the top and bottom hydrophone of the array respectively, the noise source contributing the above mentioned correla lo the ocea -phones.
3) Strong man-made noise generated at nearby places.
Since the OA h -tion peak is coming from underneath the array. This is because the direct path signal from underneath the array comes later at S 1 and earlier at S 4 and the surface reflected signal comes earlier at S 1 and later at S 4 . Therefore, we can say that the strong correlation peaks of Figure 6 are not generated by the surface generated noise, hence they do not give the estimation of the ocean depth.
To find out the reasons of generating strong correlation peaks at positions other than 14.07 ms, the time domain ocean noise fields need to be analysed. A 50 s slot of the OAN received by S 1 is shown in Figure 7 .
The filtered (1 -20 kHz) noise field of Figure 7 includes the noise contribution from the wind generated noise at the surface and the biological activities in the ocean. This is because the frequency ranges of the wind generated noise and biological noise cover from less than 1 kHz to above 20 kHz and 200 kHz respectively. A number of sharp peaks are seen in the noise field of Figure 7 . These dominant peaks might come from the biogical activities of the marine animals because some of n animals produce very sharp clicks [18, 22, 23] , but further investigation is needed to confirm it. From Figure 7 , it can be seen that the clicks are very frequent, but they are different in strength. A strong pulse of the noise field in the 2nd second of the recording is shown in Figure 8 . Copyright © 2013 SciRes. OJA Figure 8 (a) shows a sharp peak with its consecutive reflections. Because of the sharp (intense) nature of the direct path signal of Figure 8(a) , we can say that this signal is not coming from the wind generated surface noise. This is because the sound generated by the wind action of the surface is random in nature which can be approximated as a gaussian noise [27] . Figure 8 is not coming from the surface and they are too sharp to be the sound of whale breaching. Also the breaching of the humpback whales are not so frequent as is the case with the clicks in the noise field. The sperm whales also produce sound clicks but they mostly live in the deep water. Therefore, the sperm whales are probably not contributing to the clicks of the shallow water noise field of Jerv und in shallow water [18] . However, the clicks of dolphin are sporadic, therefore, should not be seen the clicks all over the noise field. Since the noise field of Figure 7 contains continuous clicks of sound, they are unlikely to be coming from the dolphin clicks. Although some of them might come from the dolphin because of the sporadic nature of the dolphin clicks.
Finally, shrimps produce almost the same types of click as the dolphin [18] , the only obvious difference is that the sound made by shrimps are continuous because of the high density of these little animals in the ocean bottom. Therefore, there is a strong possibility that the clicks of the noise field are contributed by the sound of the shrimps. The time series of the sound produced b the shrimp from the previous literature is shown in Fi ure 9 to compare with the click shown in Figure 8 . Figure 9 shows the time series of the pulses from the snaps of the four individual shrimps in Sydney Harbour at Pyrmont [18] . The pulses shown in Figure 9 resemble the peak shown in Figure 8 with the main difference is that strong negative pulse is shown in the Jervis Bay noise field compared to Figure 9 . The negative pulse is generated by the effect of applying high pass filter on the recorded noise field [6] .
Therefore, we can infer that the sharp OAN over 1 to 20 kHz bandwidth is dominated by the shrimp clicks. Wind generated surface noise also contributes to that frequency band. The contribution of surface noise in the lower frequencies of the OAN is larger than that in the higher frequencies because of the downward trend of th PSD of the wind generated surface noise [22, 25] . noise field needs to come from the end-fire region of the rface. This condition holds for the OAN field at most of the places all around the world for long averaging time, because the wind generated surface noise due to the breaking waves is assumed to dominate over all other types of OAN in the frequency range of less than 1 kHz to about 20 kHz. However, the shallow water ambient noise field of Jervis Bay is not dominated by the sounds of the wave breaking, rath su er it is dominated by the sound of processing in the presence of strong shrimp noise is shown in In noise source A is positioned at the these two signals gives the delay difference between them, which is an estimation of the depth of the hydrophones, not the depth of the seabed. And it is caused because of the presence of the shrimps on the seabed.
shrimps. Since the shrimps lie on the seabed, the mandatory condition of the dominant signal from the ocean surface does not hold in case of the OAN field of the Jervis Bay. Therefore, the broadband passive fathometer technique applied on the ambient noise field of Jervis Bay face challenges in estimation of the depth of the ocean. The geometry of the passive fathometer Figure 10 . Figure 10 , a ocean bottom. A direct signal from A comes to the hydrophone S 2 following AS 2 path and a surface reflected path of the same signal comes to hydrophone S 1 following ACS 1 path. The cross-correlation between e second and third sinc functions of Equation (1) are used in the passive fathometer to estimate the depth of the seabed [17] . One of the necessary conditions behind the depth estimation is that most of the energy of the Along with the strong biological sound, the comparatively weak wind generated signal is still present in the noise field, which creates weak correlation peaks corresponding to the depth of the ocean. However, it does not help in the estimation of the depth of the seabed because of the difficulty of identifying the correct correlation peak, in the presence of the strong correlation peak representing the depth of the hydrophones.
Another important condition of the passive fathometer is that the noise sources need to be uncorrelated. However, in case of biological noise sources this cond on ific type of signal all the time and they are corre-. The full cross-correlation of the 50 s of the no iti does not hold because a particular ocean animal produces a spec lated. The sound clicks produced by the shrimps are almost the same, because the mechanism of the sound production of the shrimps is same. Therefore, not only a particular shrimp produce the same clicks but also the different shrimps produce almost the same types of clicks as shown in Figure 8 . In the cross-correlation of these biological sounds, correlation peaks can be generated by any of the following cases 1) Cross-correlation between direct and reflected paths of a single click.
2) Cross-correlation between the clicks produced by the same shrimp at different times.
3) Cross-correlation between the clicks produced by the different shrimps. Figure 5 showed only a centre part of the cross-correlation between the shrimp dominated noise fields which is sufficient to observe the correlation peaks generated by the cross-correlation between direct and reflected paths ise fields is shown in Figure 11 . There are lots of strong correlation peaks far away from the centre of the cross-correlation. Therefore, the cross-correlation between the broadband OAN fields dominated by shrimp sound does not give correct estimation of the depth of the seabed. Rather it can be used to estimate something else such as location and density of the shrimp and the tracks of the AUVs which are not the scope of this article. 
Depth Estimation Using Ambient Noise of
Lower Bandwidth Because of the strong biological noise in the higher frequencies compared to the surface generated noise, only th 1 to make the effective bandwi take the noise field of the frequency ba 0 Hz) received at S 1 an orrelation peak at about 14.48 ms w pectively. The correl nes in the array as opposed to the e lower band of the OAN may be used in the test of the passive fathometer. The passive fathometer by M. Siderius considers the frequency band of 200 to 1500 Hz along with Delay and Sum (DS) beam forming using an array of 32 elements to estimate the bottom profile of the ocean [2] . For the purpose of the comparison we also used the same lower frequency band in this analysis. A bandpass filter is applied very carefully on the received noise field. If the bandpass filter (200 -1500 Hz) is applied directly to the noise field of the high bandwidth (96 kHz), the filter might be numerically unstable. So the received noise fields are low pass filtered and then down sampled at the ratio of 10:
dth of the noise field 9.6 kHz and sampling rate 19.2 ksps. This helps to nd of 200 to 1500 Hz. The cross-correlation between the equalised noise fields (200 -150 d S 2 is shown in Figure 12 . Figure 12 shows a c hich satisfies the depth of the experiment place. To make sure whether this peak is generated by the surface noise or not, the cross-correlations between different pair of hydrophones are evaluated and shown in Figure 13 . Figures 13(a)-(c) show the cross-correlation between S 1 and S 2 , S 2 and S 3 , and S 3 and S 4 res ation peak at 14.48 ms away from the correlation centre generated by the cross-correlation between S 1 and S 2 hydrophones moves closer to the correlation centre in case of the other two correlations. In Figures 13(b) and (c), this peak is generated at 13.8 ms and 13.18 ms away from the correlation centre. Here the correlation peak moves closer when the cross-correlation involves the downward hydropho say that the correlation peak at about 14.48 ms is d by the cross-correl ated surface noise, hence this peak gives estimation of the depth of the seabed. Because of using the lower band of noise field and the cross-correlation between only two hydrophones, SNR of the peak is poor. To improve the SNR, two stages of the DS beamforming are applied on the cross-correlations between every pair of hydrophones.
After applying the DS beamforming using four hydrophones of the array, the resultant cross-correlation between the equalised noise fields (200 -1500 Hz) is shown in Figure 14 . Figure 14 shows the evidence of the correlation peak at about 14.5 ms with good SNR, which corresponds to the path difference of 21.75 m. Now using Equation (2) At the beginning of the experiment the depth of the experiment was measured as 15 m using an active sonar which shows good agreement with the passive estimation of the depth. However, slight variation might be observed due to the uneven rocky seabed and drifting of th drophones with the ocean current. From the experimental analysis described here, we can say that using the power equalisation, lower frequency band of the OAN gives the estimation of the depth of the seabed in the passive fathometer. Although the large bandwidth OAN is processed to improve the SNR and resolution of the estimation in the passive fathometer, the noise fields at higher frequencies do not contribute to the passive fathometer due to the dominance of shrimp noises at shallow Australian water. ed at bout 14.5 ms in the cross-correlation. Figure 15 shows that the relationship between SNR, resolution and bandwidth is broadly consistent with the theories of Equations (3) and (4). The rate of increase is slow both at lower and higher bandwidths over the frequency range of 200 to 1500 Hz. This is because of the effect of bandpass filter on the lower band signal and the dominancy of shrimps on the higher band.
Conclusion
This paper demonstrates the effect of biological activities on the broadband passive fathometer which states that performance of the passive fathometer is affected with the increase of the bandwidth of OAN. The experime al is limited by the broadband sounds roduced by the shrimps. This is because, at higher frequencies of ambient noise, the sound generated by the wave breaking and the shrimps overlap and dominated by the later. Since the sound generated by the shrimp does not contribute to the bottom profiling, upper band of the ocean ambient noise is not useful in the passive fathometer. However, still the lower band (200 -1500 Hz) of the noise field from Jervis Bay satisfies the theoretical relationship between SNR, resolution and bandwidth in the passive fathometer. To overcome the performance degradation of the broadband passive fathometer due to the sound produced by the shrimps, active sonar can be used in the bottom profiling in the shallow water. The SNR is calculated as the ratio of the power of the correlation peak generated at about 14.5 ms and variance of the correlation noise generated in between 25 ms to 50 ms of Figure 14 . The resolution is the calculated as the width (zero-crossing) of the correlation peak generat a nt results from Jervis Bay, NSW, Australia show that in the shallow water bottom profiling, usable bandwidth of the ocean ambient noise p
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